In the remaining neurons, inhibition was not locked to results in inhibition that spreads to TC neurons beyond excitation, suggesting that it might be important in those directly activated by RGCs. mediating surround inhibition. We refer to these forms Interneurons within the LGN may also provide preof inhibition as "locked" and "nonlocked" inhibition, cisely timed inhibition to specific TC neurons and respectively. Although both types of inhibition were depressed during realistic activity patterns, this depression was more pronounced for locked IPSCs. Dy-*Correspondence: wade_regehr@hms.harvard.edu
namic-clamp experiments indicated that locked inhibition has little influence on responses in burst mode. However, in tonic mode, locked inhibition controlled the number of spikes, prevented burst firing, and increased precise spiking. These findings indicate that interneurons within the LGN can increase the precision of responses in specific TC neurons.
Results
Extracellular stimulation of RGC axons and whole-cell voltage-clamp recordings of TC neurons were used to study disynaptic inhibition in the LGN of P26-P32 mice ( Figure 1A ). At this age, RGC input to each TC neuron is dominated by one to three strong inputs (Chen and Regehr, 2000) . RGC axons were stimulated within the optic tract ( Figure 1A) , and monosynaptic glutamatergic currents mediated by AMPA receptors and disynaptic currents mediated by GABA A receptors were recorded in TC neurons. Experiments were performed under conditions in which feedback inhibition from the reticular nucleus (nRT) was eliminated by isolating the LGN from the nRT, which left interneurons within the LGN as the only remaining source of inhibition (Steriade et al., 1997) .
Our internal solution allowed separation of AMPA and GABA A currents, and we blocked NMDA currents to better isolate inhibitory currents. We found that a single RGC stimulus elicited a fast inward current followed by a slower outward current at a holding potential of −10 mV ( Figure 1B vate a variable number of RGC axons, depending on the stimulus intensity and the threshold of RGC fibers. Some RGCs may elicit disynaptic inhibition by activafirst varied stimulus intensity and examined threshold for activation of EPSCs and IPSCs. We reasoned that ting interneurons that synapse onto the TC that is activated by the same RGC. However, disynaptic inhibition if the same RGC input was responsible for direct TC activation and for disynaptic inhibition, then EPSC and that influences a particular TC neuron might also arise from the activation of interneurons by RGCs that con-IPSC activation should have the same threshold (i.e., the threshold for activation of the RGC). If an EPSC and tact other TC neurons. We therefore performed experiments to distinguish between these possibilities. We an IPSC had distinct thresholds, it would indicate that the IPSC was due to interneuron activation by RGCs that did not directly synapse onto the TC neuron. We found that varying stimulus intensity revealed that synaptic inputs to TC neurons exhibited two distinct types of behaviors as typified by the two cells shown in Figures 1D and 1F . Stimulus electrode placement and stimulus intensity were adjusted in order to isolate a single large-amplitude excitatory RGC input to a TC neuron. We then examined the currents elicited by a range of stimulus intensities. In some cells, we found that inhibition was elicited at lower stimulus intensities than the excitatory inputs ( Figure 1D ). In this example, the IPSC amplitude continued to increase with increasing stimulus intensity, while there was only one discrete step increase in amplitude for the EPSC ( Figure 1D ). In this cell, a discrete change in the IPSC did not occur at the threshold for EPSC activation, and the average IPSC just below the EPSC threshold was very similar to the average IPSC elicited above the EPSC threshold ( Figure 1D, top) . This behavior suggested that inhibition in this neuron was elicited by activation of RGCs that do not synapse onto the recorded TC neuron (nonlocked), as illustrated in the schematic in Figure 1E .
A very different circuit was suggested by the behavior of synaptic inputs onto other TC neurons. In a subset of recorded cells, the thresholds for IPSCs and EPSCs were the same ( Figure 1F ). This is demonstrated by the graph of EPSC and IPSC amplitudes as a function of stimulus intensity ( Figure 1F, bottom) , in which there was a discrete step increase in EPSC and IPSC amplitude at the same intensity. Additionally, a compar- vating interneurons that contact the same TC neuron.
We performed a second set of experiments to test aptic inputs that are illustrated by two example cells for a single RGC eliciting excitation and disynaptic inhi- (Figure 2 ). In one case, there was no difference in the bition onto the same TC neuron. In these experiments, IPSCs elicited regardless of whether the EPSC was acwe determined the relationships between IPSC and tivated, as shown in an example neuron (Figures 2A-EPSC activation by examining currents elicited at EPSC 2E). This was apparent when all the trials were superimthreshold. Synaptic currents were recorded over many posed ( Figure 2A ) and the EPSC failures ( Figure 2B ) and (50-100) trials at EPSC threshold such that no EPSC successes ( Figure 2C ) were compared. Figure 2I ) and in a plot of IPSC amplitude versus EPSC amplitude ( Figure 2J ). The tight link between an EPSC and an IPSC at EPSC threshold suggested that the IPSC was elicited by the same RGC axon that elicited the EPSC. In neurons in which there was no link between EPSC and IPSC, it was likely that the interneurons were activated by additional RGCs that did not make excitatory synapses onto the recorded TC neurons. We therefore separated the recorded disynaptic responses into two categories corresponding to "nonlocked," as in Figures 2A-2E , and "locked," as in Figures 2F-2J . The linkage between IPSC and EPSC threshold and distinct clusters of IPSC and EPSC amplitudes (as in Figure 2J ) was used to identify locked inputs. In some cases, as stimulus intensities were increased, neurons that received "locked" inhibition also received additional IPSCs that were not locked to any additional EPSC. However, we were interested in inhibition relative to activation of the dominant RGC input to a TC neuron. Therefore, we categorized . Scatter in the latency of synaptic inThe distinction between locked and nonlocked inhiputs makes it difficult to interpret the latency difference bition was also evident when the data were plotted as between excitatory and inhibitory inputs. Moreover, it is cumulative histograms ( Figure 3C ). There was a clear not known whether the inputs that elicit the excitatory separation of the nonlocked (thin line) and locked (thick currents and the other inputs that activate interneurons line) cumulative histograms ( Figure 3C ). In nonlocked are usually coactivated in vivo. These properties make neurons, there was no change in IPSC amplitude at it unlikely that the latency measured under these condi-EPSC threshold indicated by the steep rise at zero.
tions is an accurate representation of the latency that Locked neurons, however, had a range of IPSC ampliis relevant for physiological conditions. tude changes. These experiments show that inhibition (Figure 4C , top) components were isolated using reversal potentials of the two currents. The latency measured from EPSC to IPSC onset was 1.0 ms at 38°C. The overlay of AMPA and GABA A conductances further illustrates the very short latency between their onsets (Figure 4D ). In the same neuron, the AMPA EPSC ( Figure  4E , bottom) and the GABA A IPSC ( Figure 4E , top) were isolated pharmacologically, and the conductances were calculated ( Figure 4F ). Using this approach, we again measured an EPSC to IPSC latency of 1.0 ms (38°C), a measurement in good agreement with the latency measured using reversal potentials in this example neuron ( Figures 4C and 4D) . Thus, latencies measured with these two techniques can be grouped together.
Latency measurements made using these two methods were plotted over a range of temperatures ( Figure  4G ; n = 14). There was a decrease from 1.6 ms to 1.0 ms as the temperature increased. A histogram of EPSC to IPSC latencies measured at 37-38.5°C shows that the IPSC lagged the EPSC by 0.99 ± 0.12 ms (mean ± SD) (n = 7) ( Figure 4H ). Thus, when activated by the same RGC synapsing onto a TC neuron, local interneurons elicit disynaptic inhibition in that TC neuron with a latency of approximately 1 ms at physiological temperatures. This suggests that locked feed-forward inhibition could influence TC neuron responses. so depressed during the train that synaptic currents cating that the RGC axon was reliably stimulated throughout the train. We quantified the amplitude of locked and nonlocked IPSCs during this stimulus pattern and found that locked inhibition was significantly more depressed than nonlocked inhibition. During the train, nonlocked IPSCs were 10% to 20% of the initial IPSC amplitude ( Figure 5C , n = 5). However, following the initial locked IPSC, no additional IPSC was evoked by the five subsequent stimuli (n = 7). To further quantify the depression of locked and nonlocked inhibition, we examined pairs of stimuli with interstimulus intervals ranging from 10 ms to 4 s. The second of two stimuli elicited an IPSC that was depressed relative to the first for both nonlocked (open circles, n = 7) and locked inhibition (closed circles, n = 5, Figure 5D ). At very short intervals (10-50 ms), locked inhibition had a tendency to be more depressed than did nonlocked. However, with longer intervals (100 ms to 4 s), the amplitudes of locked and nonlocked inhibition did not differ significantly. This similarity in the recovery of locked and nonlocked depression is surprising, given the striking differences in plasticity during an irregular train (Figures 5A and 5B) .
We then examined steady-state depression by measuring the extent of depression of the fifth IPSC in regular trains relative to the first IPSC. For regular trains of five stimuli at 10, 20, 50, and 100 Hz, both locked and nonlocked neurons exhibited substantial depression, but depression tended to be more pronounced for locked IPSCs ( Figure 5E ). The observation that locked IPSCs are nearly eliminated at 50 and 100 Hz ( Figure  5E ) suggests that under physiological conditions, locked inhibition is most influential after quiescent periods. These findings support the view that there are differences in the short-term plasticity of locked and nonlocked inhibition.
Functional Consequences of Locked Inhibition
The nature of locked inhibition, that it is elicited by a single RGC, enabled us to characterize its magnitude, 
sponses.
We assessed the effect of a short RGC activity pattern on the firing of TC neurons by using dynamicevoked by a train ( Figure 5B, black traces) , 2003) , and we used a GABA conductance of 10 nS, which is within the observed tentials to six ( Figure 7A, right) . The raster plot shows that almost all action potentials occurred as a single range. We also used a GABA conductance of 5 nS, which represents 50% depression.
spike following each stimulus in the presence of inhibition ( Figure 7B ), which can also be seen in the histoWe first examined the effect of locked inhibition for TC neurons in burst mode with the initial membrane grams that summarize the responses of this example TC neuron ( Figure 7C ). In the absence of inhibition, rethe first stimulus in the train. In the absence of inhibition, one (black bars), or two or more (white bars) spikes sponses consisted of precisely timed short-latency firing and more variable longer-latency firing during the were routinely observed ( Figure 8D ). When locked inhibition was introduced, almost all trials evoked only a interstimulus interval (Figure 7C, left) . Locked inhibition eliminated the majority of longer-latency firing while single spike. This was observed for both AMPA/NMDA conductance combinations tested ( Figure 8D ). Thus, leaving the precise responses intact (Figure 7C, right) . Therefore, despite the high degree of depression of locked inhibition can serve to decrease the amplification of an incoming signal that occurs in tonic mode locked IPSCs during a realistic train of activity, this inhibition can alter TC neuron responses.
and enhance the precision of the response. The effect of a GABA conductance on TC neuron responses in tonic mode was consistent across neurons. Discussion Figure 8A illustrates the average response of six neurons to simulated AMPA/NMDA conductances (40/30 Activation of single RGC inputs revealed that interneurons within the LGN mediate two types of disynaptic nS) without and with locked inhibition. The addition of a 10 nS GABA conductance decreased the imprecise inhibition. Nonlocked inhibition exhibited a wide range of latencies and had different activation thresholds than long-latency firing while increasing the number of precisely timed spikes, as is evident by the increased did the RGC inputs onto TC neurons. In contrast, in a subset of neurons we observed locked inhibition in height of short-latency bins (Figure 8A, right) . The increase in the number of precise spikes is likely a conwhich an IPSC and an RGC-elicited EPSC had precisely the same stimulus threshold. This indicates that during sequence of eliminating longer-latency spikes, which renders the neuron less likely to be within the refractory visual stimuli, the inhibition would be tightly locked to the activation of the RGC input. Locked inhibition reliaperiod when a subsequent stimulus arrives. The total number of action potentials, however, always decreased.
bly followed the EPSC with a latency of just 1 ms. Dynamic-clamp recordings revealed that this rapid locked For responses elicited by both 40/30 nS AMPA/NMDA (closed circles) and 30/20 nS AMPA/NMDA (open cirinhibition improves the precision of TC neuron responses in tonic mode. cles) conductances, the total number of spikes per train decreased as the GABA conductance was increased ( Figure 8B) .
Nonlocked Inhibition
In 60% of TC relay neurons, IPSCs were not locked to An examination of the response following the first stimulus in the train illustrates the most pronounced efEPSCs. Additionally, in many of these neurons, increasing stimulus intensity elicited stronger inhibition that fect of locked inhibition (Figures 8C and 8D) . In the absence of inhibition, there is a peak of precisely timed also was not locked to an excitatory input. This indicates that this form of inhibition reflects the activation spikes, followed by many additional action potentials with more variable latencies ( Figure 8C, left) locked inhibition to influence TC neuron responses. Consequently, the latency between excitation and inhiEven if pauses in firing are not long enough to allow full bition is difficult to interpret for cells with nonlocked recovery, partial recovery from depression can enable inputs. Therefore, the latency and the magnitude of the timing-preserving effects of locked inhibition. In our nonlocked inhibition, and how the inhibition shapes restudy, we used two values of disynaptic inhibition that sponses, will be highly dependent on the properties of correspond to no depression at all and to 50% dethe visual stimulus and on the population of activated pression. The "depressed" inhibition had a somewhat RGCs.
smaller effect on the firing of the relay neuron, but exInhibition in many brain areas corresponds to nonhibited the same basic trend. Moreover, due to the long locked inhibition, in which there is no linkage between duration of the GABA currents, the timing-preserving activation of a single excitatory input to a cell and the effects of locked inhibition can influence the response inhibitory inputs to that cell. Consequently, the difficulto at least five RGC spikes at the onset of high-freties that we encounter in estimating the magnitude and quency firing following a quiescent period. timing of nonlocked inhibition also apply to the bulk of studies of disynaptic inhibition. sities to activate multiple excitatory inputs and disynWe found that depression of locked inhibitory curaptic inhibition, and short-latency inhibition was the rents is prominent during high-frequency activity. This major criterion used to identify a physiological correlate may be due to depression of the synapse between the of a triad-type synapse (Soltesz and Crunelli, 1992 Here, we find several properties of locked inhibition the low-threshold calcium spike (Jahnsen and Llinas, 1984) . In tonic mode, responses can vary from a faithful that implicate the triad (Figure 1G, right) . It is expected that the latency associated with axodendritic synapses representation of the stimulus pattern to burst firing in which there are multiple TC spikes elicited per RGC ( Figure 1G, left) would require generation and propagation of an action potential in an interneuron. There are spike (Blitz and Regehr, 2003). The rapid locked inhibition that we demonstrate here suppressed burst firing few estimates of the time course of disynaptic inhibition that do not rely upon fiber tract activation and that and resulted in a more precisely timed response. However, due to depression of locked inhibition, there will are not prone to uncertainties associated with differential conduction velocities. However, for interneulikely be a shift during long bouts of RGC activity from precisely timed responses to burst firing. Furthermore, rons activated by single hippocampal pyramidal neurons, the latency of disynaptic locked inhibition is 3 ms modulation of this inhibition could allow for switches between faithful representation of RGC firing patterns at 37°C (Miles, 1990) , which is considerably longer than the 1 ms latency that we observed with locked inhibiand amplification of the visual signal. Due to the specificity of locked inhibition, this would alter responses of tion in the LGN. The architecture of triads provides inhibition directly at the site of the excitatory inputs by lo-TC neurons to visual stimuli within their receptive field. Therefore, the locked disynaptic inhibition that we decally activating release from interneuron dendrites. In so doing, the triad has the potential to provide more scribe here provides a mechanism within the LGN to regulate how precisely a TC neuron responds to sperapid inhibition than is possible with axodendritic inhibition and has an ideal structure to provide locked inhicific RGC input without altering the response to other inputs. shape temporal responses to excitation within the TC
